Introduction {#bhw184s1}
============

Reading is perceived as almost effortless, although it requires a considerable number of cognitive operations that proceed within a fraction of time. Specifically, it requires us to relate a given letter sequence to its respective phonology and semantics and, crucially, to integrate this information in order to comprehend a continuous text. During natural reading, the time our eyes remain on a given word is substantially influenced by the ease with which it can be processed ([@bhw184C97]). Word length, frequency, and predictability count among the most influential visuo-orthographic, lexical, and contextual processing factors during visual word recognition ([@bhw184C97], [@bhw184C98]). To illustrate, short and/or frequently encountered words are more often skipped (i.e., are not foveated) and receive shorter fixation durations during reading than long and/or infrequently encountered words (e.g., [@bhw184C99]; [@bhw184C62], [@bhw184C63]). Likewise, the predictability of a word---based on the preceding sentence context---facilitates word processing inasmuch as contextually predictable words are more often skipped or are fixated shorter than unpredictable words ([@bhw184C7]; [@bhw184C62], [@bhw184C63]). These well-documented behavioral effects have obtained a benchmark status in reading research and are utilized for evaluating the adequacy of computational models of eye movement control (e.g., E-Z Reader model: [@bhw184C100]; SWIFT model: [@bhw184C33]). Evidence from neuroimaging regarding these effects, however, is---as yet---scarce and partly inconsistent.

The effects of word length and frequency on brain responses during reading (and reading-related tasks) are predominantly assessed in the context of single-word studies (i.e., studies presenting unrelated words in a serial one-by-one fashion). Undoubtedly, neuroimaging studies presenting context-free single words contributed tremendously to our understanding of the neural mechanisms during visual word recognition (for reviews, see [@bhw184C116]; [@bhw184C11]; [@bhw184C92]; [@bhw184C110]; [@bhw184C79]). To what extent these findings generalize to natural reading, however, is an open issue. Moreover, the effect of predictability evolves with increasing contextual information, making context-free single-word presentations an inadequate method for studying its underlying neurocognitive processes. Comparatively few studies investigated participants' brain responses in relation to words, which are presented in context, that is, within sentences or paragraphs (e.g., [@bhw184C80]; [@bhw184C107]; [@bhw184C115]; [@bhw184C124]; [@bhw184C14]). To accomplish such investigations, contemporary neuroimaging studies frequently administered a (rapid) serial visual presentation (RSVP). In this paradigm, sentences (or paragraphs) are broken up into a sequence of single words that are presented in (fast) succession. This method makes it possible to analyze (contextual) effects on the word-level (as opposed to model the neural response over whole paragraphs, sentences, or parts of sentences; e.g., [@bhw184C60]; [@bhw184C56]; [@bhw184C58]; [@bhw184C5]; [@bhw184C90]; [@bhw184C1]). Within the RSVP paradigm, however, the presentation of the stimuli is externally controlled (for an in-depth discussion, see [@bhw184C54]). During natural reading, by contrast, the attention of the reader is deployed endogenously, which is reflected in the eye movement behavior by frequent word skippings and refixations. Furthermore, the RSVP prevents (parafoveal) preprocessing of upcoming words (e.g., [@bhw184C55]), which constitutes a pivotal factor during natural reading (for a review, see [@bhw184C98]).

Recent studies addressed the gap between the limited ecological validity of contemporary neuroimaging paradigms and natural viewing behavior ([@bhw184C78]; [@bhw184C101]; see also [@bhw184C50]). [@bhw184C78] introduced a methodological advancement that allows investigators to infer participants' brain activation in relation to their current fixation. In technical terms, the fixation-related fMRI approach uses the onset of a first fixation on the stimuli as the marker for modeling the haemodynamic brain response; a technique analogues to the well-established fixation-related brain potentials in the context of electroencephalography (EEG; e.g., [@bhw184C54]; [@bhw184C31]). In brief, the fixation-related functional magnetic resonance imaging (fMRI) approach allows researchers to analyze effects on the word-level while presenting whole sentences (or paragraphs).

This study investigated the influence of word length, frequency, and predictability on the neural correlates during natural (i.e., self-paced and silent) reading of sentences. For this purpose, we applied the fixation-related fMRI approach to realize an ecologically valid reading situation while analyzing these linguistic variables at the word level. In the following, we briefly sketch out the existing evidence regarding these effects (1. frequency, 2. predictability, 3. length). As described below, findings regarding these effects---especially the effects of frequency and predictability---revealed considerable discrepancies among existing studies which---most probably---can be attributed to differences in methodological aspects (e.g., task demands and the timing of stimulus presentation; see [@bhw184C104]).

Frequency {#bhw184s1a}
---------

Studies comparing the activation elicited by high-frequent versus low-frequent words most consistently revealed a higher activation within the left inferior frontal gyrus (IFG) for low-frequent compared with high-frequent words ([@bhw184C35]; [@bhw184C65]; [@bhw184C15], [@bhw184C16]; [@bhw184C126]). The IFG is considered to be involved in both phonological and semantic processing, which engage in different locations (see [@bhw184C12]; [@bhw184C27]; [@bhw184C82]; [@bhw184C84]). Inconsistent findings, however, are reported with regard to the effect of word frequency on the activation pattern of the visual word form area (VWFA), which is localized in the left occipito-temporal sulcus, lateral to the fusiform gyrus ([@bhw184C19]; [@bhw184C24]; [@bhw184C23]). In its original conceptualization, the role of the VWFA was attributed to sublexical processing only ([@bhw184C25], [@bhw184C24]; [@bhw184C81]; [@bhw184C23]). This notion implies an insensitivity of the VWFA to word frequency (see [@bhw184C17], [@bhw184C18]; [@bhw184C25]; [@bhw184C117] for supportive evidence). By contrast, several other studies reported lower activation of the VWFA in response to high-frequent compared with low-frequent words ([@bhw184C60]; [@bhw184C69]; [@bhw184C65]; [@bhw184C126]). To reconcile these findings with the original notion of the VWFA as an area dedicated to sublexical processing, the proponents of the original conceptualization ascribed the higher activation for low-frequent words to increased task-induced top--down activation and (unnaturally) long presentation time ([@bhw184C23]). Thus, it will be of interest to see whether the VWFA exhibits a frequency effect during self-paced silent reading (in which the average fixation duration is about 250 ms; [@bhw184C98]) without any additional task demands beyond reading for comprehension (see [@bhw184C104] for an in-depth discussion of this issue).

Predictability {#bhw184s1b}
--------------

Most evidence concerning contextual processing stems from studies using the semantic violation paradigm. In this paradigm, participants read semantically well-formed and semantically anomalous sentences. Findings gained from this paradigm indicate involvements of the left temporal and inferior frontal cortex in semantic processing (for a review, see [@bhw184C73]). To illustrate, the left IFG exhibited elevated activation in relation to semantic violations (e.g., [@bhw184C88]; [@bhw184C61]; [@bhw184C70], [@bhw184C72]; [@bhw184C43]; [@bhw184C30]), which is considered to reflect the top--down mediated retrieval and/or selection of competing semantic information ([@bhw184C111], [@bhw184C112]), or---more recently---as reflecting the unification process that integrates information to form a coherent sentence interpretation ([@bhw184C41], [@bhw184C42]). By contrast, left temporal regions, which encompass posterior parts of the middle temporal gyrus (MTG), the superior temporal sulcus (STS), and the inferior temporal cortex (IT), have been associated with the storage and the access to lexico-semantic information (e.g., [@bhw184C52]; [@bhw184C73]). The response of the left temporal cortex to semantic violations, however, is less consistently reported by fMRI studies (but see [@bhw184C70]). Notably, studies manipulating the expectancy (i.e., predictability) of target words (in addition to the congruency of the target words) report higher activation for unexpected compared to expected (predictable) words in temporal regions ([@bhw184C10]; [@bhw184C30]). This finding indicates that the response of the temporal cortex is modulated more by word predictability than by congruency (see [@bhw184C73] for an in-depth discussion). With regard to this study, the presented sentences did not contain any semantic violations and thus we were able to address the role of predictability during contextual processing. To date, this aspect of sentence processing has been insufficiently addressed in the fMRI literature, although it plays a pivotal role during natural reading (e.g., [@bhw184C7]; [@bhw184C47]).

Length {#bhw184s1c}
------

While the effects of frequency and predictability (referred to as expectancy in the aforementioned studies) do not show a conclusive pattern of results, converging evidence suggest that the (linear) effect of word length is mostly restricted to occipital areas including the posterior fusiform and lingual gyri (e.g., [@bhw184C85]; [@bhw184C102]; [@bhw184C103]). The linear effect of word length is well-established in the context of behavioral studies which have showed that long compared with short words substantially increase participants' response times (i.e., in naming and lexical decision tasks) and viewing times ([@bhw184C118]; [@bhw184C6]; [@bhw184C59]). A re-examination of the word length effect on lexical decision reaction times in a large-scale study based on the English Lexicon Project, however, revealed that word length affects response times in a more curvilinear fashion ([@bhw184C87]). Specifically, medium-length words (i.e., 5--8 letters) elicited the shortest response times while short (i.e., \<5 letters) and long words (i.e., 8--13 letters) elicited comparatively prolonged response times. Substantiating this notion, [@bhw184C126] showed that word length influences activation in various brain regions in such a curvilinear fashion. Among these regions, the VWFA exhibited a U-shaped modulation by eliciting the least activation to medium-length words (i.e., 7- to 9-letter words) suggesting that this region preferentially responds to words with an "optimal" length (i.e., they can be more efficiently processed which is then reflected by a reduced activation).

This Study {#bhw184s1d}
----------

To sum up, this study investigated the effects of word length, frequency, and predictability on brain responses during natural reading by means of the recently introduced fixation-related fMRI approach. As aforementioned, the effects of word length, frequency, and predictability on fixation durations and fixation probabilities play prominent roles in reading research and are well studied in the context of eye movement research ([@bhw184C97], [@bhw184C98]; [@bhw184C48]). The body of evidence regarding these effects within the neuroimaging literature, however, is largely based upon single-word presentations. Thus, the question to what extent these findings generalize to natural reading an open issue. Moreover, as discussed above, the effects of frequency and predictability yielded divergent findings. This discrepancy could be---at least partly---attributed to differences in presentation durations and tasks that impose demands above and beyond visuo-orthographic processing ([@bhw184C23]; [@bhw184C104]). Fixation-related fMRI offers the possibility to study the effects of word length, frequency, and predictability with "natural" presentation durations (i.e., the individual fixation durations of the participants) and without task demands beyond silent reading for comprehension.

Furthermore, relating participants' brain responses to natural eye movement behavior, which is characterized by frequent word skippings and refixations, would further substantiate the applicability of ecologically valid scanning procedures as presently administered by means of the fixation-related fMRI approach. Specifically, investigating the impact of word skippings and refixations in relation to word length, frequency, and predictability on brain responses is---as yet---an unrealizable endeavor in the context of single-word presentations. Thus, it will be of interest to observe whether these eye movement parameters modulate the presently investigated effects of interest and would, thus, further contribute to our understanding of the neural mechanisms during reading. More generally, applying fixation-related fMRI allows us to relate our findings to behavioral evidence and to computational models of eye movement control during reading (e.g., E-Z Reader model: [@bhw184C100]; SWIFT model: [@bhw184C33]).

Materials and Methods {#bhw184s2}
=====================

Participants {#bhw184s2a}
------------

A total of 56 (31 male) undergraduate students participated in the study (M = 25 years; SD = 5 years). All participants reported no history of neurological or psychiatric disorders and had normal or corrected-to-normal vision. First, the reading skill of the participants was assessed by a measure of words per minute (w.p.m.) read during the course of the present experiment. Second, all participants administered a standardized reading speed test that is currently being developed in our laboratory. The reading speed test required judging the meaningfulness of sentences within a time limit of 3 min (i.e., judging the semantical correctness of sentences). Since judging the meaningfulness of the sentences is very easy (M \< 1 incorrect answers), the number of correctly marked sentences can be considered as a measure of reading speed. The preliminary norms of the test are based on a sample of 309 university students. Participants who exhibited a reading rate of less than 150 w.p.m. or who marked less than 40 sentences in the reading speed test were excluded from the analysis (*n* = 9). The mean of the reading rate of the final sample was 230 w.p.m. (SD = 50) and their mean performance on the reading speed test corresponded to the 72th percentile. Before scanning, participants gave their written informed consent. The experiment was conducted in accordance with the Declaration of Helsinki and was approved by the local ethics committee of the University of Salzburg.

Materials {#bhw184s2b}
---------

Participants silently read sentences for comprehension. We utilized the Potsdam Sentence Corpus that originally comprises 144 German sentences which are semantically and syntactically legal ([@bhw184C62]). From this corpus, we utilized 117 sentences (ca. 80% of the original Potsdam Sentence Corpus), which did not exceed a total character length of 57 to maintain a visual angle of 0.22 of a single letter (viewing distance was ca. 200 cm). Sentence length ranged from 5 to 11 words with a mean of 7.6 (*SD* = 1.2). Sentences were presented in a bold, monospaced font on an MR-compatible LCD screen (NordicNeuroLab) with a resolution of 1024 × 768 pixel and a refresh rate of 60 Hz.

For the purpose of the present experiment, we considered three word characteristics, that are word frequency, length, and predictability, as our variables of interest. Word frequency is expressed as the log-transformed (base 10) occurrences per million (range: 0.0--4.4; M = 2.1; SD = 1.3) and was derived from the CELEX database ([@bhw184C4]). Word length ranged from 2 to 18 letters (M = 5.4; SD = 2.6). Similar to previous work, we pooled words consisting of 3 or less letters into a single category and words consisting of 12 or more letters into another single category ([@bhw184C62], [@bhw184C63]; [@bhw184C46]). Word predictability is defined as the probability of correctly guessing the upcoming word on the basis of the preceding sentence context. The predictability norms for each word were collected in an independent norming study by the Potsdam group and are based on 272 German native speakers (83 complete predictability protocols; [@bhw184C62]). These norms range between 0, which denotes completely unpredictable words,  and 1, which denotes the most predictable words (M = 0.21; SD = 0.28). After excluding sentence initials and closed-class words (i.e., determinators, particles, conjunctions, prepositions, and pronouns), a total of 518 words were used for the eye-tracking as well as the fixation-related fMRI analyses (for a similar approach, see [@bhw184C31]). Fixations shorter than 80 ms were excluded from the analysis (4.2%). In total, we observed 14 712 fixations that were used for the eye-tracking analysis. Of these, 11 603 were first fixation cases. Note that a well-known problem in reading research dealing with multiple predictors is the high correlation between variables (i.e., multicollinearity). Reassuringly, the correlations among our target words (i.e., words with valid first fixations on nouns, verbs, adjectives, and adverbs) between word frequency and predictability and between predictability and word length were rather low (*r* = 0.21 and −0.13, respectively). The size of the correlation between frequency and length was moderate (*r =* −0.35). Due to word skippings, the actual size of the correlations varied for the individual participants (e.g., from *r* = −0.29 to −0.41 for the correlation of word frequency with word length).

Procedure {#bhw184s2c}
---------

Before a sentence was presented, two vertically aligned fixation bars appeared at the vertical center near the left border of the screen for a pseudo-randomly chosen duration (ranging from 1000 to 3000 ms with increments of 500 ms). These fixation bars were positioned with respect to the optimal landing position on the first word of a sentence (i.e., in the middle or slightly left to the middle of the first word of a sentence; [@bhw184C89]). While the participants fixated between the bars, a drift correction (*n =* 19 participants) or a fixation control (*n* = 28 participants) was administered by the eye-tracking system. After a successful drift correction or fixation control, a sentence appeared in the horizontal center of the screen which the participants read silently for comprehension. Fixating a cross at the bottom of the right corner of the screen terminated the presentation of the trial. After approximately 10% of the sentences, participants had to answer a simple 2-alternative forced-choice question regarding the content of the preceding sentence via a button press (12 questions in total). The questions and the alternative choices were presented visually. In addition to the experimental trials (i.e., the presentation of the sentences), 24 null events were implemented during which the fixation bars remained on the screen for 2 s.

Data Acquisition and Analysis {#bhw184s2d}
-----------------------------

### Eye-tracking {#bhw184s2d_1}

Eye movements were recorded with an Eyelink CL system in the long-range setup (SR-Research) with a sampling rate of 1 kHz. The eye-tracker was placed at the rear end of the scanner bore at a distance of approximately 90 cm behind the participant and approximately 120 cm in front of the screen. Recording was monocular (from the right eye), and the participant\'s head was stabilized in the head coil. A horizontal 3-point calibration routine preceded the experiment. Additionally, the experiment was divided into 3 sessions between each of which the eye-tracker was recalibrated. Each trial (i.e., the presentation of a sentence and the null events) was preceded by a drift correction procedure to confirm the aforemeasured calibration parameters (*n* = 19 participants) or a fixation control procedure in which a fixation had to be detected by the eye-tracking system around the fixation bars (40 × 40 pixels; *n* = 28 participants). If the drift correction or the fixation control procedure failed, the system was recalibrated.

### Image Acquisition {#bhw184s2d_2}

Functional imaging data were acquired with a Siemens Magnetom Trio 3 Tesla scanner (Siemens AG) equipped with a 12-channel head coil. Functional images sensitive to blood-oxygen-level dependent (BOLD) contrast were acquired with a *T*\*~2~-weighted gradient echo EPI sequence (TR 2000 ms, TE 30 ms, matrix 64 × 64 mm, FOV 192 mm, flip angle 80°). Thirty-six slices with a slice thickness of 3 mm and a slice gap of 0.3 mm were acquired within the TR. The scan procedure encompassed 3 sessions with a variable number of scans per session. The exact number of scans depended on the participants' reading speed and potential recalibration procedures and ranged from 106 scans to 437 scans (M = 152 and SD* =* 39 scans). In addition to the functional images, a gradient echo field map (TR 488 ms, TE 1 = 4.49 ms, TE 2 = 6.95 ms) and a high-resolution (1 × 1 × 1.2 mm) structural scan with a *T*~1~-weighted MPRAGE sequence were acquired from each participant.

### fMRI Data Analysis {#bhw184s2d_3}

For preprocessing, we used SPM8, whereas for statistical analysis, we used SPM12 software (<http://www.fil.ion.ucl.ac.uk/spm/>) running in a MATLAB 7.14 environment (Mathworks Inc.). Functional images were corrected for geometric distortions by the use of the FieldMap toolbox, realigned and unwarped, and then coregistered to the high-resolution structural image. Note that due to technical issues, the correction for geometric distortions by means of the respective field map was not viable for one participant. The structural image was normalized to the MNI T1 template image, and the resulting parameters were used for normalization of the functional images, which were resampled to isotropic 3 × 3 × 3 mm voxels and smoothed with a 6-mm FWHM Gaussian kernel. No slice timing correction was applied.

Statistical analysis was performed by means of computing a fixed effects model on the first level (i.e., single subject level) and a random effects model on the second level (i.e., group level). The BOLD response was related to the eye-tracking data in the specifications of the first-level model. In a first step, each onset of a first fixation on a word (irrespective whether the word received more than one fixation, i.e., multiple fixations) was used to model the canonical hemodynamic response function. Furthermore, we investigated the impact of participants' skipping and refixation behavior (i.e., multiple fixations during first-pass reading) on the parametric modulations of word length, frequency, and predictability. To this end, we contrasted the BOLD response in relation to fixation cases that were either preceded or followed by a word skipping with instances in which the previous or next word was fixated. To investigate the influence of refixations on participants' brain responses, we defined multiple fixation cases (ca. 17.5% of the data) as regressors of no interest in an additional model. In all models, the onsets of a fixation on the first word of each sentence, as well as the onsets and durations of the comprehension questions, were not analyzed further, but coded in separate regressors of no interest. These regressors ensured an unbiased word reading versus fixation baseline contrast. Furthermore, 6 head movement parameters, which were derived from the realignment preprocessing step, were modeled as covariates of no interest. The functional data of these first-level models were high-pass filtered with a cutoff of 128 s and corrected for autocorrelation by an AR(1) model ([@bhw184C38]). The parameter estimates of these first-level models, reflecting signal change for word reading versus baseline (comprising the interstimulus intervals, the null events, and the eye-tracker drift correction/recalibration procedures), were calculated in the context of a General Linear Model ([@bhw184C51]). The three effects of interest, that is, the log-transformed word frequency, word length (linear and quadratic), and word predictability, were added as parametric regressors of the word reading contrast (see [Fig. S1](http://CERCOR.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw184/-/DC1) within the [Supplementary Material for a prototypical design matrix](http://CERCOR.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw184/-/DC1)). We centered and orthogonalized (by means of the "spm_orth" function) word length in order to capture the variance attributed to the quadratic length effect, which is not already explained by the linear length effect. The resultant subject-specific contrast images were then used for the second-level random effects analysis. In the second-level analysis, these subject-specific contrasts were submitted to one-sample *t*-tests. For the unmodulated regressors (i.e., our word reading vs. baseline and word skipping vs. fixation contrasts), we orthogonalized the parametric modulation regressors with respect to the unmodulated regressors in order to provide an appropriate interpretation of these contrasts (see [@bhw184C86]). Statistically significant effects on the whole-brain level were identified using a voxel-level threshold of *P* \< 0.001 (uncorrected) and a cluster-level threshold of *P \<* 0.05 (FWE corrected for multiple comparisons).

Results {#bhw184s3}
=======

Behavioral Results {#bhw184s3a}
------------------

The analysis of the 2-alternatives forced-choice comprehension questions revealed a close-to-ceiling performance with a mean accuracy of 98.94% (minimum = 11 out of 12 correct). In the following analysis of the eye movement data, we report the main effects of word length, frequency, and predictability within repeated-measures multiple regression analysis of participants' skipping probabilities and log-transformed fixation durations (i.e., first fixation and gaze duration). Specifically, we conducted separate regression equations for each participant as described by [@bhw184C75]. The resulting regression coefficients for the linear as well as the quadratic effect of word length and the linear effects of word frequency and predictability were then entered into one-sample *t*-tests. The mean regression coefficients (SDs) and the respective *t* values are presented in Table [1](#bhw184TB1){ref-type="table"}. Table 1Means, SDs, and corresponding *t* values of the effects of word length, frequency, and predictability on participants' skipping probability and log-transformed first fixation and gaze durationSkipping ProbabilityFirst Fixation DurationGaze DurationMSD*t*MSD*t*MSD*t*Intercept−0.8310.472−12.1^\*\*^5.470.194193^\*\*^5.560.201190^\*\*^Length (linear)−0.3110.088−24.3^\*\*^0.0080.0115.1^\*\*^0.0350.01614.7^\*\*^Length (quadratic)0.0250.0208.5^\*\*^0.0010.0041.8^+^0.0060.00411.8^\*\*^Frequency0.0230.0911.7^+^−0.0220.022−6.6^\*\*^−0.0290.026−7.6^\*\*^Predictability0.1970.7011.9^+^0.0200.1341.0−0.0060.154−0.3[^1]

As evident from the upper panel of Figure [1](#bhw184F1){ref-type="fig"}, word length and frequency elicited effects on participants' skipping probabilities. The multiple regression analysis revealed that word length was the primary determinant for word skipping. Skipping probabilities asymptotically decreased with increasing word length resulting in a significant linear as well as in a significant quadratic effect of word length. The effect of word frequency on participants' skipping probabilities, that is, increasing skipping probability as a function of increasing frequency, was marginally significant. For word predictability, we likewise observed a marginally significant effect on participants' skipping probabilities, that is, a slight increase of skipping probability with increasing word predictability. Table [1](#bhw184TB1){ref-type="table"} and Figure [1](#bhw184F1){ref-type="fig"} further show that word length and frequency elicited substantial effects on all fixation duration measures. Specifically, increasing word length resulted in a curvilinear increase in fixation durations (with the shortest fixation durations for 6- and 7-letter words) resulting in significant linear as well as quadratic effects of word length. Increasing word frequency resulted in a significant decrease of first fixation and gaze durations. Word predictability did not result in significant effects on participants' first fixation and gaze durations. Figure 1.Eye movement parameters in relation to word length, frequency, and predictability. For word frequency and predictability, the lines depict the linear trend of their effects on the eye movement parameters. For word length, the lines show the combined effect of the linear and the quadratic trends. The shaded areas denote 95% pointwise confidence intervals and were derived from the "smooth" function (method = "lm") of the "ggplot2" package ([@bhw184C120]) running in the R environment for statistical computing ([@bhw184C95]).

fMRI Results {#bhw184s3b}
------------

Reading (i.e., the mean activation across fixations) contrasted against baseline elicited activation bilaterally in occipital regions, encompassing the calcarine cortex and the lingual gyri. As illustrated in the upper panel of Figure [2](#bhw184F2){ref-type="fig"}, we observed activation bilaterally in inferior, middle, and superior temporal regions (extending anterior-to-posterior along the superior temporal sulcus), inferior, middle and superior frontal, precentral and posterior parietal regions, cuneus, anterior insula, supplementary motor cortex, and the cerebellum. Furthermore, we observed subcortical activation within the middle cingulate gyrus, hippocampus, thalamus, putamen, caudate, and pallidum. For peak voxels and respective cluster extents, see [Table S1 within the Supplementary Material](http://CERCOR.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw184/-/DC1). Figure 2.The upper panel depicts regions showing higher activation for word reading versus baseline (presented in left and right view). The lower panel depicts regions showing higher activation when the previous word was skipped as compared with instances in which it received a fixation (left) and when the upcoming word was skipped versus fixated (right).

The lower panel of Figure [2](#bhw184F2){ref-type="fig"} illustrates the effects of participants' skipping behavior on brain activation. As can be seen in Table [2](#bhw184TB2){ref-type="table"}, we observed higher activation within the left posterior middle temporal gyrus when the previous word was skipped as compared with instances in which it received a fixation (see lower left panel of Fig. [2](#bhw184F2){ref-type="fig"}). Furthermore, we observed several regions showing higher activation when the upcoming word was skipped compared with instances in which the upcoming word was fixated. These clusters encompassed bilateral occipital regions including the lingual gyri and the calcarine cortex as well as several left-hemispheric regions including posterior middle temporal gyrus, precentral gyrus, superior parietal lobule, supplementary motor area, and the cuneus (see lower right panel of Fig. [2](#bhw184F2){ref-type="fig"}). Note that we did not observe any cluster at the whole-brain level for the reverse contrast, that is, no brain region showed higher activation when the previous or upcoming word was fixated as compared with instances in which it was skipped. Table 2Regions showing higher activation when the previous word was skipped compared with instances in which it was fixated (upper panel) and when the upcoming word was skipped compared with instances in which it was fixated (lower panel)RegionVoxel extentMNI coordinates*txyz*Previous word skipped \> Previous word fixated L posterior middle temporal gyrus40−54−4014.16Upcoming word skipped \> Upcoming word fixated L posterior middle temporal gyrus94−54−4015.61 L supplementary motor cortex80−35645.13 L precentral gyrus101−51−1405.09 R calcarine cortex3376−7974.96  R lingual gyrus9−73−114.46 L occipital pole141−12−9444.60 L superior parietal lobule54−30−64494.42 R calcarine cortex4718−6444.36[^2]

Parametric Modulations by Length, Frequency, and Predictability {#bhw184s3c}
---------------------------------------------------------------

Before identifying activation clusters that are systematically related to word frequency, length, and predictability, we assessed whether these effects were affected by participants' skipping behavior. To this end, we compared (by means of paired-sample *t*-tests) the modulation of our effects of interests when the previous or the next word was skipped with instances in which these words were fixated. For the effects of word length and predictability, we observed no significant differences with regard to the issue as to whether the next word received a fixation or not (i.e., no differences for upcoming word skipped \> upcoming word fixated nor for upcoming word fixated \> upcoming word skipped). For word frequency, we observed higher activation within the left medial frontal cortex when the previous word received a fixation compared with instances in which it was skipped and within bilateral (medial) precentral regions and supplementary motor cortex when the next word was skipped compared with instances in which it received a fixation. The circumstance as to whether the previous word was fixated or skipped did not affect the effects of word length. For word predictability, we observed higher activation within the right temporo-parietal white matter when the previous word was skipped compared with instances in which it received a fixation. We note that the regions in which the effects of length, frequency and predictability differed with respect to the participants' skipping behavior did not overlap with the regions that we identified by our main models (including fixation cases irrespective whether the previous or the next word were subject to skipping), which we report in the following paragraphs.

The results of our main models, that is, the parametric modulations of word frequency and length, are listed in Table [3](#bhw184TB3){ref-type="table"}. The upper panel of the Table shows the findings with respect to all first fixation cases and the lower panel shows the effects after controlling for multiple fixation cases. As reasoned in the Introduction section, modulations of word length were tested for both linear and quadratic effects, whereas modulations of word frequency and predictability were tested for linear effects only. Table 3Regions modulated by word length and frequency with respect to first fixation cases (upper panel) and controlled for multiple fixation cases (lower panel) with the corresponding cluster extents and *t* valuesRegionVoxel extentMNI coordinates*txyz*Model 1: first fixation cases Positive linear effect of length  L occipital pole41−12−9714.80   L lingual gyrus−9−85−114.33  R calcarine cortex8612−8214.72   R lingual gyrus12−79−83.46 Negative linear effect of length  R temporo-parietal white matter4142−55254.57 Positive quadratic effect of length  brain stem536−34−205.80 Negative linear effect of frequency  L anterior fusiform gyrus81−45−46−176.27   L middle fusiform gyrus−48−58−205.05  L IFG pars triangularis97−4235136.09   L IFG pars opercularis−4223223.70  L hippocampus50−33−28−85.40  L superior parietal lobule99−27−64404.47Model 2: first fixation cases controlled for multiple fixations Negative linear effect of length  R angular gyrus4542−52284.26  L supramarginal gyrus37−39−37404.34 Negative linear effect of frequency  L anterior fusiform gyrus79−45−46−176.19   L middle fusiform gyrus−48−58−205.11  L IFG pars triangularis89−4535135.84   L IFG pars opercularis−4223223.54  L anterior cingulate gyrus42−926135.37  L hippocampus60−33−28−85.19  L superior parietal lobule107−27−64374.49[^3]

### Length {#bhw184s3c_1}

When modeling the hemodynamic response in relation to each first fixation on a word (irrespective of whether it received multiple fixations), we observed an increase in activation with increasing word length in bilateral occipital regions encompassing the lingual gyri and within the right calcarine cortex (see upper panel of Fig. [3](#bhw184F3){ref-type="fig"}). This positive linear modulation, however, ceased to be significant at the whole-brain level when controlling for multiple fixation cases (*t* values of peak voxels, cluster extents, and cluster-level corrected *P* values of the left occipital region diminished from *t* = 4.80, extent = 41, and *P* = 0.03 to *t* = 4.31, extent = 11, and *P* = 0.67, respectively; for the right calcarine cortex, these figures diminished from *t* = 4.72, extent = 86, and *P* = 0.001 to *t* = 3.88, extent = 21, and *P* = 0.24, respectively). Furthermore, we observed several clusters that exhibited a negative linear relationship, that is, a decrease in activation as a function of increasing word length. These clusters encompassed the right temporo-parietal white matter when modeling brain responses in relation to first fixation cases and, additionally, the left anterior supramarginal gyrus when controlling for multiple fixations. The analysis of the quadratic effect revealed a U-shaped modulation of word length within the brain stem (i.e., in the pons bordering the midbrain; see middle panel of Fig. [3](#bhw184F3){ref-type="fig"}). The specific response of this brain stem structure as a function of word length is illustrated in Figure [4](#bhw184F4){ref-type="fig"}. As can be seen, this structure elicited the least activity in relation to 6- and 7-letter words. We confirmed this apparent pattern by pairwise comparisons of the signal change estimates (for spheres with a radius of 6 mm). Short (\<5 letters) as well as long words (\>9 letters) elicited a significantly higher activation than words of medium length (6 and 7 letters); *t*(46) = 2.48, *P* \< 0.05 and *t*(46) = 2.91, *P* \< 0.01, respectively. Again, this effect was diminished and ceased to be significant at the whole-brain level when controlling for multiple fixations (*t* values of peak voxels, cluster extents, and cluster-level corrected *P* values diminished from *t =* 5.80, extent* =* 53, and *P* = 0.01 to *t* = 4.61, extent = 26, and *P* = 0.16, respectively). No cluster exhibited the reverse pattern, that is, an inverted U-shaped modulation as a function of word length. Figure 3.Whole-brain results presented for model 1 (i.e., first fixation cases). The upper and middle panels depict regions that were significantly modulated by word length (presented in posterior, axial at *z* = 1 and sagittal view at *x* = 6). The lower panel depicts regions that were significantly modulated by word frequency (presented in left and axial view at *z* = −17). Orange/yellow activations denote positive effects; blue/turquoise activations denote negative effects. Figure 4.Signal change (in arbitrary units) of the quadratic response of the brain stem region as a function of word length.

### Frequency {#bhw184s3c_2}

We observed several left-hemispheric clusters in which activation decreased as a function of increasing word frequency (i.e., showing a negative linear effect) in both our models. As can be seen in the lower panel of Figure [3](#bhw184F3){ref-type="fig"}, these clusters encompassed the occipito-temporal cortex, the pars triangularis (extending to the pars opercularis) of the IFG, the superior parietal lobule (including a peak in the intraparietal sulcus), and the left hippocampus. Furthermore, we observed a negative linear relationship within the left anterior cingulate cortex when controlling for multiple fixation cases (see lower panel of Table [3](#bhw184TB3){ref-type="table"}). No cluster showed the opposite effect, that is, an increase in activation in relation to increasing word frequency.

### Predictability {#bhw184s3c_3}

For the effect of predictability, we neither observed any positive nor negative modulations at the whole-brain level for both of our models. Note that---contrary to the effect of word length and frequency---word predictability did not elicit a statistically significant effect on participants' fixation durations. Based on previous literature, however, we hypothesized that the effect of predictability would modulate brain activation in a negative linear fashion, that is, brain activation would decrease as a function of increasing predictability. In order to inform future studies about brain regions activated during contextual processing as indexed by word predictability, we conducted an exploratory analysis using an uncorrected voxel and cluster-level threshold of *P* \< 0.05 within our presently obtained contrast testing for negative linear effects. This analysis revealed bilateral modulations within middle and superior temporal regions, inferior frontal (triangular and opercular), and frontal orbital regions, as well as within the insula cortices. Furthermore, we observed a modulation within the left occipito-temporal cortex (see Fig. [5](#bhw184F5){ref-type="fig"}). Note that these modulations were unaffected by the inclusion of multiple fixation cases. Figure 5.Exploratory analysis of the negative linear effect of word predictability presented in left lateral, ventral (at *z* = −17), and right lateral view. The threshold for both, the voxel level and the cluster level, was *P* \< 0.05.

Discussion {#bhw184s4}
==========

This study investigated the effects of word length, frequency, and predictability during natural reading by means of fixation-related fMRI. As yet, evidence regarding these effects is primarily based on serial word-by-word presentations. We assessed to what extent previous findings generalize to natural self-paced silent reading. On the behavioral level, we replicated former findings from eye movement studies by demonstrating that word length and word frequency affect participants' skipping probabilities and fixation durations. Specifically, word length was the primary determinant of word skipping, that is, increasing word length was associated with a (asymptotic) decrease in skipping probability. Furthermore, increasing word length was associated with a curvilinear increase in fixation durations, whereas increasing word frequency was (linearly) associated with shorter fixation durations (in case the word was fixated) ([@bhw184C62], [@bhw184C63]). For word predictability, we observed a tendency towards more frequent skippings as a function of increasing predictability.

On the neuronal level, we observed a positive linear effect of word length, that is, activation increased with increasing word length within bilateral occipital areas linked to visual analysis. Additionally, word length elicited a U-shaped modulation of activation within a brain stem structure located in the pons bordering the midbrain. These effects of word length, however, were diminished when we accounted for multiple fixation cases, suggesting a dependency on participants' fixation behavior (see below). With regard to word frequency, we observed effects within several left-lateralized clusters including occipito-temporal, inferior frontal, superior parietal, and hippocampal regions. These regions exhibited a decrease in activation with increasing frequency. With regard to the effect of predictability, we did not observe any significant modulations at the whole-brain level. Based on previous literature, however, we hypothesized that the effect of predictability would exhibit a negative linear effect on brain activation (i.e., brain activation would decrease as a function of increasing predictability). An exploratory analysis revealed such modulations of word predictability within the left occipito-temporal, bilateral middle and superior temporal, and inferior frontal regions. In the following paragraphs, we discuss the implications of our results with regard to previous findings and to what extent the presently administered fixation-related fMRI approach provides novel insights into the neural underpinnings of visual word recognition. Finally, we discuss how our findings may relate to the proposed neural underpinnings of eye movement control during reading.

Length {#bhw184s4a}
------

Increasing activation in occipital fusiform regions has been linked to the local feature processing demands for longer words. Increasing activation in the lingual gyri has been linked to the global shape processing demands (see [@bhw184C85]). Accordingly, our results revealed a positive linear relationship between brain activation and word length within bilateral occipital regions including the lingual gyri and within the right calcarine cortex ([@bhw184C85]; [@bhw184C123]; [@bhw184C113]; [@bhw184C103]). In addition, this study revealed that these effects were qualified by the participants' fixation behavior in such a way that the effects of word length were only significant when we modeled brain activation in relation to each first fixation irrespective of whether a word received multiple fixations. When we included multiple fixations as an additional regressor into our model, then the effects were diminished. This indicates that the increase in activation in visual areas when processing long compared with short words reflects the visual processing demands over the whole course of first-pass reading (i.e., the sum of all fixations during the first encounter of a word). That multiple fixations account for the length effect on the neural level is in line with the observation from eye movement studies that single fixations and first fixations are relatively unaffected by word length (up to 7 letters; see Fig. [1](#bhw184F1){ref-type="fig"} and [@bhw184C46]). In addition to the linear effect of word length, we observed a U-shaped modulation within a brain stem structure located in the pons bordering the midbrain. This area showed the least activation in response to 6- and 7-letter words and higher activation in response to short (\<5 letters) and long words (\>9 letters). Again, when we accounted for multiple fixations, the effect was diminished (and ceased to be significant). This quadratic effect of word length within the brain stem (and its dependency on fixation behavior) will be discussed below (see "Neural correlates linked to eye movement control during reading").

Frequency {#bhw184s4b}
---------

Increasing word frequency was associated with a decrease in activation within several left-lateralized clusters that have been related to language processing ([@bhw184C57]; [@bhw184C92]; [@bhw184C110]), visuospatial attention ([@bhw184C21]; [@bhw184C29], [@bhw184C28]; [@bhw184C91]), and memory (formation and) retrieval ([@bhw184C108], [@bhw184C109]; [@bhw184C22]; [@bhw184C32]). As described in the Introduction section, studies investigating the effect of word frequency most consistently revealed higher activation within the left IFG in response to low-frequent compared with high-frequent words (e.g., [@bhw184C35]; [@bhw184C65]; [@bhw184C15], [@bhw184C16]; [@bhw184C45]; [@bhw184C126]). This IFG activation is considered to reflect both semantic as well as phonological processing that engage in different locations ([@bhw184C12]; [@bhw184C27]; [@bhw184C82]; [@bhw184C84]). To illustrate, anterior parts of the left IFG were reported to be more active during semantic than during phonological judgements, whereas posterior parts of the left IFG showed the reverse pattern (see [@bhw184C27]). This study, which investigated self-paced silent reading with little demands on (explicit) phonological processing, revealed a modulation in response to word frequency primarily within an anterior IFG cluster (i.e., IFG pars triangularis) extending to more posterior sites (i.e., IFG pars opercularis). When controlling for time-on-task effects by means of including the fixation duration as an additional regressor (in our model in which we already controlled for multiple fixation cases), this activation cluster was limited to anterior parts only (see [Table S2 of the Supplementary Material](http://CERCOR.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw184/-/DC1)), that is, those areas that were previously associated with semantic processing.

Previous studies yielded inconsistent findings regarding the effect of word frequency on the activation pattern of the left OTC, which encompasses the (putative) VWFA ([@bhw184C19]). The role of the VWFA was originally attributed to sublexical processing---implying an insensitivity to word frequency (see [@bhw184C24]; [@bhw184C117]). Several studies, however, found lower activation of the VWFA in response to high-frequency compared with low-frequency words ([@bhw184C60]; [@bhw184C65]; [@bhw184C69]; [@bhw184C126])---a finding which we replicated by means of fixation-related fMRI during self-paced silent reading. One interpretation of the sensitivity of the VWFA to word frequency is that it is indicative of the functioning of a mental lexicon comprising representations of frequently encountered words ([@bhw184C39], [@bhw184C64], [@bhw184C65]; [@bhw184C66]; [@bhw184C76]; [@bhw184C77]; [@bhw184C102]; [@bhw184C103], [@bhw184C122]). According to this notion, the lower activation for high-frequency words can be considered as reflecting "facilitated access" to the representation of frequently encountered words as, for example, envisioned by the dual-route cascaded model of visual word recognition (e.g., [@bhw184C20]; but see [@bhw184C94]).

Alternatively, the frequency effect in the left OTC could be interpreted within the framework of the Interactive Account of the region\'s functioning ([@bhw184C93]). This explanation---contrary to assuming a selective tuning to orthographic input as purported by the aforementioned VWFA account---suggests that the activation within the left OTC can be attributed to an integrative process, which is characterized by combining the low-level visual information with high-level semantic and phonological information ([@bhw184C93]). This conceptualization is based on the predictive coding framework postulating reciprocal activations of sensory cortices and higher-order processing regions that convey automatically generated, experience-dependent "predictions" regarding the identity of a stimulus ([@bhw184C96]; [@bhw184C37]). Higher activation in response to low-frequent words compared with high-frequent words in the left OTC---as observed in this study---would be interpreted as the result of greater prediction errors for the former than the latter type of words, because previous "experience" with low-frequent words is (per definition) limited. The notion that the higher activation of the VWFA in response to unfamiliar stimuli (e.g., pseudowords) is caused by automatically generated predictions, and the resultant prediction errors, however, was recently put into perspective by a study from our laboratory ([@bhw184C104]).

Yet another explanation for the higher activation for unfamiliar (i.e., low-frequency or pseudo) words was recently attributed to complex (artificial) task demands and inadequately long exposure durations ([@bhw184C23]). Crucially, this study investigated the effect of word frequency during self-paced, silent reading with minimal task demands and natural exposure durations (as realized by the fixation-related fMRI approach). Thus, the effect of word frequency within the VWFA is hardly attributable to such methodological aspects (see also [@bhw184C104]). Furthermore, when we controlled for time-on-task effects by means of including the fixation duration as an additional regressor (in our model in which we already controlled for multiple fixation cases), the effect within the VWFA remained significant (albeit reduced in extent; see [Table S2 within the Supplementary Material](http://CERCOR.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw184/-/DC1)). Thus, the presently observed word frequency effect within the VWFA (and other regions) cannot be attributed to differences in processing times for low-frequent versus high-frequent words.

Predictability {#bhw184s4c}
--------------

For the effect of predictability, we did not observe any effects at the whole-brain level. This was, however, not utterly unexpected, since recent behavioral evidence suggests that a word\'s predictability has a comparatively small effect in proficient readers (compared with less proficient readers; see [@bhw184C3]; [@bhw184C47]). In order to give insights about brain regions activated during contextual processing as indexed by word predictability, which is---to date---rarely reported in literature (but see [@bhw184C10]; [@bhw184C30]), we administered an exploratory analysis. A more confirmatory analysis of the effect of predictability (and its relation to reading proficiency) is an issue for future research. Our exploratory analysis revealed that increasing predictability was associated with a decrease in activation within bilateral IFG and MTG, as well as within left OTC regions.

As noted in the Introduction section, most studies on semantic processing of words presented in context administered the semantic violation paradigm. These studies consistently revealed higher left IFG activation in response to semantically incongruent compared with congruent words ([@bhw184C88]; [@bhw184C61]; [@bhw184C70], [@bhw184C72]; [@bhw184C43]; [@bhw184C30]; [@bhw184C128], [@bhw184C127]). This activation pattern was ascribed to the controlled selection and/or retrieval of semantic information ([@bhw184C111], [@bhw184C112]). More recently, this recruitment of the left IFG was attributed to a unification process, that is, the integration of lexical representations into a coherent multiword representation ([@bhw184C41], [@bhw184C42]). Left MTG activation---which is associated with the storage and retrieval of such lexico-semantic representations (e.g., [@bhw184C52])---is less consistently reported by fMRI studies (but see [@bhw184C70]). This is surprising since source-localization by magnetoencephalography consistently pointed towards the left temporal cortex as a major contributor to the well-documented semantic N400 effect ([@bhw184C105]; [@bhw184C49]; [@bhw184C44]). The N400 is a negative deflection of the EEG signal in response to semantic violations or unexpected words ([@bhw184C67], [@bhw184C68]). [@bhw184C73] suggested that this discrepancy may be due to differences in the manipulation of the sentential context. To illustrate, most fMRI studies primarily manipulated congruency, whereas most EEG studies also induced strong expectancies as to the identity of the target words. Our findings indicate that differences in predictability (i.e., expectancy) modulates MTG activation, which supports the notion that the MTG activation does not necessarily reflect "semantic anomaly" signaling, but the extent of pre-activation of lexico-semantic representations within predictive contexts ([@bhw184C26]; [@bhw184C114]; [@bhw184C73]).

The role of generating predictions during reading has recently gained much interest in light of the Bayesian brain hypothesis ([@bhw184C36], [@bhw184C37]). In short, it is assumed that our brain aims to minimize surprise by making predictions as to the identity of upcoming sensory events ([@bhw184C9]; [@bhw184C8]). Neuronally, this is achieved by reciprocal activations between lower and higher levels within the cortical hierarchy ([@bhw184C96]). The feedforward activation within the visual cortex is considered to convey the "residual errors" between the generated predictions and the actual sensory input. Accordingly, we observed a reduction in activation with increasing word predictability in visual areas extending to anterior OTC regions---indicating reduced prediction errors for predictable words ([@bhw184C53]; [@bhw184C121]). As opposed to the conceptualization of predictive coding in the context of word frequency ([@bhw184C93]), one may argue that the role of predictions might be situated on the sentence level (e.g., [@bhw184C2]; [@bhw184C13]) rather than on the level of a single word\'s familiarity (i.e., frequency).

To conclude, the majority of these findings are in line with evidence from previous studies investigating the neural underpinnings of visual word recognition by means of single-word presentations (e.g., [@bhw184C57]; [@bhw184C116]; [@bhw184C92]; [@bhw184C110]; [@bhw184C79]). This general accordance shows that findings from "traditional" experimental designs do generalize to natural reading. Specifically, we replicated previous findings indicating involvements of the left IFG during lexical processing as indexed by the effect of word frequency ([@bhw184C35]; [@bhw184C65]; [@bhw184C15], [@bhw184C16]; [@bhw184C45]; [@bhw184C126]) and semantic processing as indexed by the effect of word predictability (albeit within an exploratory analysis; [@bhw184C41], [@bhw184C42]; [@bhw184C73]). Furthermore, the presently observed effects of word length, frequency, and predictability were unaffected by participants' skipping behavior. Put differently, word skipping did not affect those regions that we observed when modeling brain activation in relation to each first fixation on the words. Additionally, the effects of word frequency and predictability were likewise relatively unaffected by refixations (i.e., multiple fixations on a word) that further substantiate the notion that findings from traditional experimental designs (e.g., RSVP) seem to generalize to natural reading.

Administering an ecologically valid scanning procedure by means of fixation-related fMRI, however, also shed new light on the neural correlates of the effect of word length. For the linear as well as the quadratic effect of word length (discussed below), we observed a dependency on participants' fixation behavior in such a way that the increase in activation associated with processing long words within bilateral occipital regions and the brain stem was diminished when accounting for multiple fixations. A further merit of an ecologically valid scanning procedure, as realized in this study, is the possibility of investigating these word-level effects with minimal task demands. Furthermore, the procedure ensures a natural "exposure duration" (if one equates fixation times with presentation duration). As previously suggested, such methodological aspects might elevate task-related top--down processing which could, for example, modulate the response of the VWFA above and beyond the intrinsic requirements of reading ([@bhw184C23]; [@bhw184C104]). Moreover, this procedure allows us to relate our findings to the potential neural underpinnings of eye movement control during reading.

Neural Correlates Linked to Eye Movement Control During Reading {#bhw184s4d}
---------------------------------------------------------------

Since some of our observed effects can be attributed to the unconfined natural eye movement behavior of the participants, we further discuss (some of) our results with regard to pertinent models of eye movement control during reading. Models of eye movement control ascribe a pivotal role to the allocation of visual attention during natural reading, although having different notions about the exact nature of its influence. That is, either by means of "sequential attention shifts" (e.g., E-Z reader model: [@bhw184C100]) or "guidance by attentional gradients" (e.g., SWIFT: [@bhw184C33]). On the neural level, such visuospatial attentional processes are presumably guided by the dorsal attention network ([@bhw184C21]). More recently, the fronto-parietal control network, which includes parts of the dorsal attention network as proposed by [@bhw184C21], has been associated with the initiation and adjustment of top--down control ([@bhw184C29], [@bhw184C28]). With respect to these findings, we observed activation within the superior parietal lobule extending into the intraparietal sulcus---a region that is considered to constitute a part of this network. Specifically, this region exhibited a decrease in activation as a function of increasing word frequency and showed higher activation when the upcoming word is about to be skipped. Findings from eye movement studies on reading suggest that the disengagement of visuospatial attention from the currently fixated word occurs earlier for words that are easier to process such as high-frequent words (e.g., [@bhw184C100]). One could hypothesize that 1) the earlier disengagement for high-frequency words is reflected by lower activation and that 2) the higher affordances of attentional shifting for word skippings is reflected by higher activation of this part of the attention network.

Neural circuits within the brain stem are supposedly linked to the final stage of eye movement execution ([@bhw184C100]; [@bhw184C33]). This study revealed that word length modulates the activation within the brain stem in a U-shaped fashion, that is, we observed the lowest activation in response to medium-length words. This observed brain stem cluster presumably encompasses the paramedian pontine reticular formation (PPRF). It has been suggested that neurons within the PPRF give rise to the final command of executing voluntary horizontal saccades ([@bhw184C74]; [@bhw184C106]). Eye movement studies on reading consistently revealed that the average saccade length during reading is 7--9 characters (including inter-word spaces; see, e.g., [@bhw184C98]). Thus, one could speculate that the reduced activation of the brain stem in response to medium-length words reflects this preferred saccadic length during reading. Furthermore, as described in the Introduction section, a large-scale behavioral study revealed that participants exhibit the shortest response latencies for medium-length words ([@bhw184C87]; see also [@bhw184C34]). In accordance with our interpretation of the presently observed brain stem activation in terms of saccadic preference, [@bhw184C87] argued (as one of several conceivable causes) that the shortest response latencies for medium-length words reflects their high probability of being the target of a single fixation during natural reading (whereas short words are frequently skipped and long words are typically processed with multiple fixations; e.g., [@bhw184C62]). Critically, this quadratic effect of word length was diminished when accounting for such multiple fixations indicating that the increase in activation in response to long words is---at least partly---driven by such multiple fixation cases.

Furthermore, applying fixation-related fMRI allowed us to investigate participants' brain responses in relation to their skipping behavior, which constitutes an important factor during natural reading. To illustrate, adult proficient readers skip approximately one-third of the words while reading for comprehension (see [@bhw184C97], [@bhw184C98]). With regard to these findings, contrasting the activation in response to skipped against fixated words revealed higher activation within the left MTG when the previous word was skipped compared with instances in which the previous word was fixated. This finding might suggest that previously skipped words are further processed at the lexico-semantic level (e.g., [@bhw184C52]; [@bhw184C73]). In the same vein, we observed higher activation within the left MTG when the upcoming word is about to be skipped, suggesting that lexico-semantic information is likewise accessed for non-foveated words. Furthermore, bilateral occipital areas showed enhanced activation in instances before a word was skipped as compared with instances before a word was fixated, which might indicate that about to be skipped words are subject to a more pronounced visual analysis (during parafoveal preprocessing) than words that will receive a fixation.

Limitations {#bhw184s4e}
-----------

This study investigated the neurocognitive correlates of natural reading while participants silently read unconnected sentences for comprehension. Our work was primarily inspired by contemporary models of eye movement control during reading and hence focused on word-level effects. In research on eye movement control during reading, the presentation of unconnected sentences is common practice. One may argue, however, that presenting connected text passages would mimic our daily reading experience even more closely and would have allowed us to investigate more complex linguistic processes such as (long-distance) reference resolution (e.g., [@bhw184C83]) or elaborative inferences (e.g., [@bhw184C71]). Furthermore, single sentences probably do not induce such strong contextual effects (i.e., expectancies about upcoming words) as whole paragraphs would do. Thus, this study probably did not capture the full potential effect that predictability may exert on brain activation. A further limitation of this study is that it focused exclusively on the effects of word length, frequency, and predictability, because these effects have a benchmark status in eye movement research on reading (for reviews, see [@bhw184C97], [@bhw184C98]). From a wealth of studies we know, however, that a great variety of lexical as well as sublexical word characteristics potentially influence visual word recognition (e.g., [@bhw184C40]). For example, a re-analysis of a large-scale study on behavioral data (i.e., lexical decision and naming latencies) revealed that orthographic similarity (indexed by Levenshtein distance) account for a substantial part of both the linear and the quadratic effect of word length ([@bhw184C125]). This indicates that the effect of word length is a composite of serial processing (of long words) and competition among orthographically similar representations (which is more pronounced for short words; [@bhw184C119]; [@bhw184C34]). Thus, future fixation-related fMRI studies on reading may consider additional variables (e.g., orthographic similarity, frequency of local combinations such as bigrams, concreteness, imaginability, or emotional valence---to name but a few). From this perspective, this study should be considered as a first step in bridging the gap between behavioral, eye movement, and neuroimaging research on reading.

Conclusion {#bhw184s5}
==========

This study administered fixation-related fMRI in order to investigate the effects of word length, frequency, and predictability during natural reading of whole sentences. The majority of these findings are in line with evidence from previous studies investigating the neural underpinnings of visual word recognition by means of single-word presentations, suggesting that findings gained from commonly used paradigms (e.g., RSVP paradigm) generalize to natural reading. The effects of word length, however, showed a dependency on participants' refixation behavior that might indicate that increasing activation associated with processing long words reflects the visual processing demands over the whole course of first-pass reading. Furthermore, we observed a frequency effect in the VWFA whose role was originally attributed to sublexical processing ([@bhw184C24]). We tentatively interpreted this finding as indicative that the area acts as storage for abstract, frequency-sensitive whole-word recognition units (e.g., [@bhw184C122]). An exploratory analysis of the effect of word predictability indicated effects in middle temporal regions---implicated in memory retrieval and pre-activation of memory-based lexico-semantic representations (e.g., [@bhw184C73])---and inferior frontal regions---implicated in the unification of lexical representations into a coherent multiword representation (e.g., [@bhw184C41], [@bhw184C42]).
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